AND CONCLUSIONS
INTRODUCTION
Faber (7) and Miller and Dowling (18) were the first to suggest that the glial cells of Muller play a role in generating the bwave of the electroretinogram (ERG), the gross electrical response of the eye. They proposed that changes in the extracellular potassium ion concentration ([K+] ,) resulting from neuronal activity lead to local changes in the Muller cell membrane potential and to the establishment of a transretinal current flow. This notion has been supported in recent years by measurements of [K+] , made by sever21 laboratories using ion-selective micropipettes. These experiments reveal two sites of light-evoked [K+] , increase, one in the proximal retina (6, (13) (14) (15) 24) and the other in the distal retina (6, 15) .
A previous investigation of b-wave currents (21) supports this K+ hypothesis of bwave generation. In that study, I showed that b-wave currents are generated by a current source near the retinal surface and by two current sinks in the proximal and distal retina. The locations of these sinks roughly corresponded to the positions of the two sources of light-evoked [K+] , increase, suggesting that the current sinks represent regions of increased [K+] ,.
The two sources of light-evoked K+ efflux can be distinguished by their time courses as well as their retinal locations. Recent observations by Kline et al. (15) and by Dick and Miller (6) have demonstrated that the distal [K+] , increase is a more transient response than is the proximal one. If these [K+] , increases are responsible for generating b-wave currents, their time courses should match the time courses of the two b-wave current sinks.
In the present study, I have conducted a detailed current source-density analysis of the b-wave in order to determine the spatial and temporal properties of the two b-wave current sinks. The computed current sourcedensity distributions permit, for the first time, an accurate localization of the two current sinks within the retina. In addition, I have determined the time courses of the two sinks and compared them to the two 0022-3077/80/0000-0000$01. 
METHODS

Preparation
The eye cup preparation used in these experiments is described in Newman and Lettvin (22) and Newman (21) . In brief, eyes from darkadapted Rana pipiens, the northern leopard frog, were transected under dim red illumination and placed on a pad of Ringer-soaked gauze. They were maintained in a moist 95% 02-5% CO, atmosphere at HOC. Eyes were dark-adapted for an additional 2 h before experiments were begun.
The DC, intraretinal ERG was recorded differentially between two Ringer-filled micropipettes: an active intraretinal electrode (-3-pm tip diameter) and a reference, vitreal electrode (-20-pm tip diameter). The tip of the vitreal electrode was positioned within 100 pm of the retinal surface, near the entry point of the intraretinal electrode. With this electrode configuration, bwaves within the retina were recorded as negative-going potentials at all retinal depths. b-Wave amplitudes were measured from the prestimulus base line (21). Retinal tissue resistance was measured by passing current pulses of constant amplitude (10 PA) across the eye cup (1, 2 1). Eye cups had a surface area of approximately 0.25 cm2.
Stimuli consisted of diffuse white light flashes presented in the dark. The stimuli illuminated the entire eye cup uniformly and lOO-ms flashes were repeated once per minute for the duration of an experiment. Light intensities are given as log intensity; a lOO-ms flash at 0 intensity represents the scotopic equivalent of 7.8 x 10m4 photons/ pm2 of SOO-nm light. This was the dimmest stimulus that produced a detectable ERG response in the most sensitive preparations (22).
Current source-density analysis I calculated current source-density distributions by a simple difference method discussed by Freeman and Nicholson (8) . This analysis is based on the following principles and assumptions, which are founded on previous experimental work:
1) The analysis I use is a one-dimensional treatment of the generalized three-dimensional calculation of current source density (12,23). As Nicholson and Freeman (23) showed, a onedimensional calculation may be used when dealing with a thin sheet (much wider than it is thick) of uniformly responding neural tissue, such as the retina. To ensure uniformity of response, the entire retina was evenly illuminated during stimulus presentation. The consistency of the current source-density plots between penetrations in different areas of the retina established that the retina was responding uniformly to stimuli.
2) Nicholson and Freeman (23) showed that tissue resistance does not vary significantly during electrical activation of nervous tissue (in toad cerebellar cortex). I assumed, therefore, that retinal resistance values, which were measured at -20 s following each stimulus presentation, accurately reflect retinal resistance during the b-wave response.
3) My previous study of b-wave currents (21) demonstrated that the entire proximal current source of the b-wave is localized to an extremely narrow region (probably not more than 5-10 pm in depth) bordering the inner limiting membrane. This was determined from electrode-advance experiments (advanced in 4-pm steps), which were not repeated in the present study. I have used this finding in calculating the current sourcedensity distributions presented here, where I assume that the proximal current source occurs within one electrode step (8 or 12 pm) of the retinal surface. The actual impact of this assumption is small and affects only the shape, and not magnitude, of the proximal source. 4) I identify the proximal and distal boundaries of the retina by resistance landmarks. The inner limiting membrane (0% retinal depth) is defined by the border of the low-resistance vitreous and the higher resistance retina (indicated in Fig. IB by the change in slope at 0% retinal depth). The inner surface of the pigment epithelium (100% retinal depth) coincides with the distal border of the high-resistance R membrane (2, 4). This is indicated by another large change in slope in Fig. l difference method (8)) by calculating stepby-step differences between adjacent data points. This procedure is described in the following paragraphs and in Figs. l-3, where I calculate the current source-density distribution of the b-w ave for a time corresponding to the peak of the response.
A sequence of b-wave responses from a typical experiment is illustrated in Fig. lA . To obtain these recordings, I first advanced the intraretinal microelectrode through the retina until it penetrated the pigment epithelium. I then withdrew the electrode in 12-pm step s, ret .ording the b-wave respon se at each retinal depth. The total tissue resistance between the electrode and the vitreous was also measured at each position, as described in METHODS. Figure lB, shows the value of this resistance as a function of retinal depth. Figure 2A shows the amplitude of the bwave plotted as a function of retinal depth.
Amplitudes were measured at a poststimulus time corresponding to the peak of the response (indicated by the vertical line in Fig. LA ). This type of plot, although useful in identifying the location of the b-wave minimum within the retina, does not take into account variations in retinal resistance. In order to correct for these variations, b-wave amplitude must be replotted as a function of resistance from the retinal surface. This graph is shown in Fig. 2Z ?. A smooth curve is then drawn to fit the data points. When b-wave amplitude is plotted against resistance in this manner, the slope of the curve represents the local value of retinal current flow (I = V/R; Refs. 7, 21). A negative slope in Fig. 2 represents a distally directed (sclerad) flow of current.
The next step in the analysis is to construct a graph of retinal current flow. This is shown in Fig. 3A , where the first derivative (multiplied by -1 .O) of the amplitude The current source-density distribution is obtained in the final step of the analysis by graphing the derivative of the current versus retinal depth plot. As in the previous step, the slope of the graph is computed stepwise from the smoothed curve. The resulting graph (Fig. 3B) shows the distribution of current sources and sinks, which occur at the time of the b-wave peak. A positive current source-density value represents a source of current; a negative value represents a current sink. 24 retinal penetrations, using stimulus intensink (Fig. 5, 1.7 ). These secondary differsities ranging from 1.7 to 6.4 log units. b-ences in current source-density distribution Wave amplitudes were measured at inter-do not vary as a function of stimulus vals of 8 ,um (in most penetrations) or 12 intensity.
Temporal properties pm within the retina. In 21 of the 24 cases, the distributions resemble the one shown in Fig. 3B , having a prominent current source near the retinal surface and two current sinks in the proximal and distal retina. Figure 4 shows a histogram of the locations of the two current sinks for each of the 21 cases. The mean values of the proximal and distal sink locations are 26% (standard deviation, 4.6%) and 58% (standard deviation, 6.7%), respectively. Although the locations of the two sinks are clustered around these mean values, some variability occurs. This variability may be due in part to variation in the depths of the different retinal layers that are seen in histological sections of the frog retina (2 1).
Although the prominent sources and sinks of current are usually present, a good deal of variation occurs in the details of the bwave current source-density distributions. This is illustrated in Fig. 5 , which shows four current source-density distributions calculated at the peak of the b-wave. These
The plots in Figs. 3B and 5 show current source-density distributions calculated at the peak of the b-wave. I computed current distributions were obtained from three I I I I I I I I I I I different preparations, using stimulus inten- ing through most of the retina (Fig. 5, 4. 3).
Four current source-density distributions calculated at the peak of the b-wave. Plots are based In other nrenarations. secondarv b-wave on four separate penetrations in three eye cup prepsources o&&between the two current sinks arations. Log stimulus intensity is noted to the right and proximal to the inner sink ( source-density plots for other times during the response as well in order to determine the time courses of the magnitudes of the sources and sinks. Figure 6 shows two such examples where current source-density distributions are calculated during the rising phase, at the peak, and during the falling phase of the response.
These examples show a clear difference in the time courses of the two sinks. Figure  6A and B shows that the distal b-wave sink, although present during the rising phase (a) and at the peak (b) of the response, is absent during the falling phase (c). In contrast, the proximal sink (as well as the proximal source) is present during all phases of the response. In addition, these experiments suggest that the proximal b-wave sink has a faster rate of rise than the distal one; the plots in Fig. 6 show that the proximal sink is well developed during the rising phase (a) of the response.
I obtained a more detailed description of the time course of the two sinks by sampling the b-wave current source density distribution at frequent intervals. Figure 7 shows one example where the b-wave is sampled at 10 distinct times during the response. The rise and fall of both current sinks can be followed in this sequence of plots. As is indicated in Fig. 6 , the proximal sink is more sustained than is the distal one, and is well developed during the rising phase (Fig. 7, a, b, c) . (Records i and j show the development of a current source in the distal retina. The source's time course and location indicate that it is a reflection of the slow PI11 response, which takes several seconds to develop (22) and is generated by a current source in the distal retina (7).)
The distributions in Fig. 7 have been replotted in Fig. 8 in order to illustrate the variation in the magnitudes of the two current sinks as a function of time. Current sink magnitude was determined at each time sampled by calculating the area above each sink (indicated by the shading). The two sink curves, along with the original b-wave voltage, are shown normalized to the same peak value in Fig. 8 . These plots support the conclusions reached above: 1) the distal sink is more transient than the proximal one, having a significantly faster decay rate. 2) Although the proximal sink peaks at a later time than the distal sink, it initially is greater in magnitude; this suggests that it has a faster rate of rise than does the distal sink.
DISCUSSION Current source-density analysis
The analysis of b-wave currents is complicated by possible contributions from other ERG components. These include the a-wave, the slow PI11 response, the proximal negative response (PNR), and the dwave. Although the effects of these components cannot always be eliminated, their contributions can be evaluated. I have chosen stimulus parameters that minimize their effects on b-wave currents.
a-WAVE.
This response has a significantly higher stimulus-threshold level than the bwave (over two log units higher in skate, Ref. 10 ). Yet, current source-density plots of the b-wave using stimuli dimmer than the a-wave threshold (Figs. 5, 1.7 and 64) show all the components that are present at higher stimulus intensities.
Even when bright stimuli are used, the ERG a-wave response is never greater than 12% of the b-wave amplitude. Analysis of these a-waves (unpublished observations) show that they have current source-density amplitudes that are much smaller than those of the b-wave. Thus, it is unlikely that a-wave currents add significantly to the b-wave currents analyzed here.
SLOW
PIII.
Like the c-wave, this response takes 5-10 s to fully develop in the frog (22) and is very small at low stimulus intensities (22). Its major current source lies in the extreme distal retina (7). The early portion of this current source is seen developing in Fig. 7 , i and j. Its time course is far too slow to contribute significantly to bwave currents. I minimized the contribution of the PNR by using diffuse illumination, which produces a smaller response than does spot illumination (3). The PNR is largely generated by a current flow within the inner plexiform layer (25). Thus, the response might contribute to the proximal portion of the b-wave current source-density distribution. A large contribution is unlikely since the PNR maximum occurs before the peak of the b-wave (3), while the proximal b-wave current sink peaks well after the b-wave peak (Fig. 8) . A PNR contribution to the Fig. 7 . The three curves are shown normalized to the same peak magnitude. Before normalization, the ratio of the proximal sink to distal sink peak magnitude was 1.5:l.O.
rising phase of the proximal sink must be considered, however. d-WAVE. Dick (5) showed in mudpuppy that the amplitude of the d-wave increases with increasing stimulus duration. In frog, as in mudpuppy (S), a lOO-ms stimulus flash (the duration used here) does not produce a noticeable d-wave. Thus, it is unlikely that this response interferes significantly with bwave currents.
Thus, with the possible exception of a contribution of the PNR to the rising phase of the proximal current sink, it seems unlikely that the b-wave currents analyzed here are significantly influenced by other ERG components.
b-Wave generation
My current source-density analysis of the b-wave demonstrates that the response arises primarily from a current source near the retinal surface and from two spatially and temporally distinct current sinks. As discussed in a previous paper (21), this source-sink distribution indicates that the Mtiller cell plays a key role in the distribution of b-wave currents; the Mtiller cell is the single retinal element that extends from the proximal current source at the retinal surface into the region of the two current sinks.
Faber (7) and Miller and Dowling (18) A similar pattern of current flow has been proposed to account for the generation of the spreading depression potential in the frog retina (11, 19) . Mori et al. (19) , using ion-selective microelectrodes, measured an increase in [K'], in the region of the inner plexiform layer during spreading depression. They demonstrated that this increase leads to an influx of the ion into Miiller cells; using intracellular K+ electrodes, they measured a rise in intracellular Mtiller cell [K+] during the spreading depression response. They suggest that this inward current flow is balanced by an efflux of current from other areas of the Muller cell, primarily from the end-foot region. This current flow pattern establishes a vitrealpositive voltage, the spreading depression potential.
The actual b-wave current flow pattern is more complex than is indicated in Fig. 9 , which I have simplified for illustrative purposes. Not shown, for instance, is the current source that sometimes occurs between the two sinks. In addition, source-sink plots, which only reflect net current flows, do not always reveal the detailed source density structure associated with a single retinal event. Thus, if a current source associated with the distal current sink occurred in the inner plexiform layer (the dashed line in Fig.  9 ), it would be masked by the larger proximal current sink and would not appear in current source-density plots. The absence of a significant current source sclerad of the distal sink does establish, however, that most of the source associated with this sink lies proximal to it. The current flow associated with the proximal sink, on the other hand, can be analyzed in relative isolation during the falling phase of the b-wave, following the decay of the distal sink. Source-sink distributions calculated at this time (Fig. 6 A, c and B , c; Fig. 7, h, i, j) demonstrate that most of the current asso- Karwoski and Proenza (14) localized the source of the proximal [K+] , increase to near the border of the inner plexiform and inner nuclear layers in mudpuppy. Kline et al. (15) localized the K+ source in skate slightly more proximally, in the distal region of the inner plexiform layer. In recent experiments, Dick and Miller (6) in mudpuppy and Kline et al. (15) in skate have also recorded lightevoked [K+] , increases in the distal retina. Both works indicate that the distal K+ source lies in the outer plexiform layer. Thus, there is an excellent correspondence between the locations of the two K+ sources and positions of the two b-wave current sinks.
Temporal properties
The association between the b-wave current sinks and increased [K+] , is further supported by a comparison of their time courses. Kline et al. (15) and Dick and Miller (6) show that the distal increase in [K+] , is more transient than is the proximal one. The two b-wave sinks have a similar time relation. As can be seen in Figs. 6, 7, and 8, the distal b-wave sink is more transient than is the proximal one. A report by Proenza and Freeman (25) also indicated that the distal b-wave sink has a faster time course than the proximal sink. Figure 8 illustrates, in addition, that the proximal b-wave sink is initially greater in magnitude than the distal sink. This is consistent with the origin of the proximal [K+] , increase, which is generally thought to be caused by depolarizing neurons in the inner plexiform and inner nuclear layers, primarily amacrine and ganglion cells (14) . Although the responses of these cells have a slightly longer latency than those of the horizontal and bipolar cells, they have a much faster rate of rise. This is clearly illustrated in Werblin and Dowling (26) . Thus, the proximal [K+] , increase should have a faster rate of rise than the distal increase. The [K+], measurements of Kline et al. (15) and Dick and Miller (6) , although not definitive, are consistent with this view.
The current source-density profiles in Figs. 3B, 5, 6, and 7 show a variety of secondary sources and sinks of b-wave current located distal to, in between, and proximal to the two major current sinks. A small b-wave source is sometimes seen just sclerad of the distal sink, as noted by Faber (7). The differences between individual plots may be due, in part, to variations in the magnitude of K+ diffusion away from the two sites of K+ efflux (which are themselves diffuse K+ sources). When [I(+], increases are restricted to the immediate vicinity of the proximal and distal K+ sources, the locations of the two b-wave sinks will be similarly restricted. In this case, b-wave sources will be seen surrounding the two sinks (Fig. 5, 1 .7 and 6.0). Conversely, when [K+] , increases are more evenly distributed, one continuous b-wave sink will be seen to extend throughout much of the retina (Fig. 5, 4.3) . The latter situation might be brought about by particularly damaging microelectrode penetrations, which would facilitate K+ diffusion in a radial direction.
b-Wave summation model Proenza and Freeman (25) and Kline et al. (15) have suggested that the distal b-wave sink is primarily associated with the rising phase of the response, while the proximal sink is related to its falling phase. Kline et al. (15) have proposed a specific model in which the decay of the b-wave is directly linked to the rise of the proximal sink. In their hypothesis, the distal sink generates a positive transretinal voltage, while the slower proximal sink generates a negative one.
My results do not support this hypothesis, at least for the case of the frog retina. As seen in Fig. 9 , the dipoles established by the proximal and distal current sinks are oriented in the same direction. Thus, the currents associated with these two sinks must add, not subtract. This is illustrated
The relative amplitudes of the two sink voltby the following observation. During the ages used in Fig. 10 were determined using trailing phase of the b-wave, the distal cur-two simplifying assumptions: 1) all b-wave rent sink decays to a small value, while the current flows from the retinal surface to the proximal sink remains large (Fig. 8 ). Yet, center of each of the two sinks and 2) the during this time the b-wave remains posi-b-wave voltage contribution of the two sinks tive. Thus, the proximal sink, as well as the is proportional to the retinal resistance from distal sink must produce a positive trans-the center of each sink to the retinal surface. retinal voltage. (In some species, the trailing The mathematical operations used in the phase of the b-wave crosses the prestimulus model to reconstruct the b-wave response base line and goes negative. This is a reflec-from the current source density records are tion of the negative PI11 response (9) and actually the inverse operations of those used does not indicate a negative component of to obtain the current source density plots the b-wave.) The proximal b-wave sink, in in the first place. It should be of little suraddition, is initially greater in magnitude prise, therefore, that a good fit is obtained than the distal one (Fig. 8) . Thus, the proxibetween the original b-wave waveform and mal sink must contribute significantly to the that generated by the model. This exercise rising phase as well as to the falling phase simply serves to illustrate that the b-wave of the b-wave response. I arises from the sum of the voltages produced The simple superposition model suggested by the two current sinks. by Fig. 10 illustrates that the b-wave arises from the sum of the two current sinks, and not the difference, as suggested by Kline et al. (15) . The figure shows the transretinal voltages generated by the two b-wave sinks, plotted as a function of time, along with the sum of these two voltages. Although the proximal current sink is larger in magnitude, the distal sink actually contributes a greater amount to the transretinal b-wave voltage. This is because the current associated with the distal sink flows across a larger intraretinal resistance, producing a greater IR drop. The b-wave predicted by the sum of the two sink voltages closely matches the original b-wave waveform.
In Fig. 10 , the distal current sink generates approximately 65% of the transretinal b-wave voltage at the peak of the response. The proximal sink contributes only 35% at the peak, but becomes the major voltage generator during the falling phase of the b-wave. The relatively minor contribution of the proximal sink to the peak voltage is consistent with the [K+], observations of Dick and Miller (6) on the mudpuppy retina. They showed by pharmacological reduction of the proximal [K+] , increase that this portion of the K+ response is relatively unimportant in generating peak b-wave voltages.
The plots in Fig. 10 are derived from the experimental data illustrated in Figs. 7 and 8. 02114. Please send reprint requests to the author at his present address.
